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To assess the effect of fluid flow on orifice area and to test 
the Gorlin formula, six Carpentier-Edwards mitral valve 
prostheses were studied in a positive displacement pulse 
duplicator at 20 different rate-stroke volume combinations. 
Peak transvalvular velocity (V max) was measured by 
continuous wave Doppler ultrasound, and orifice area was 
determined from hard copy of video images. Orifice area 
was directly related to mean flow (Q), although cusp 
opening behavior was asymmetric and complex and varied 
among the individual valves. 
The Gorlin formula that is in routine use for the calculation 
of effective prosthetic orifice area has several possible draw- 
backs that have received recent critical attention (1,2). The 
formula is based on classical hydrodynamic theory assuming 
steady, axisymmetric flow through a fixed orifice. In the 
clinical situation these conditions do not apply (3,4). In 
addition, inaccuracies occur at extremes of decreases in 
pressure. With large reductions in pressure, inaccuracies 
occur as a result of neglect of viscous energy losses associ- 
ated with higher order terms in the classical hydrodynamic 
theory (5). At small decreases in pressure, the error between 
the square root of the pressure decrease and the theoretically 
more correct mean of the square root of instantaneous 
pressure decrease is proportionately greater. Furthermore, 
the mean pressure decrease may not reflect maximal orifice 
area where there is little obstruction to flow because inflow 
occurs predominantly in early diastole. Mean pressure de- 
crease is then calculated over parts of diastole where little or 
no filling occurs (6,7). It is therefore possible that the 
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There was a strong correlation between measured orifice 
area (OA) and the modified Gorlin relation, Q/V max (r = 
0.88; p < 0.00001) given by the regression formula OA = 
0.18 x Q/V max - 0.15. There was also a good correlation 
between measured orifice area and the conventional Gorlin 
relation, Q/root mean pressure drop. The derived empiric 
Gorlin constant did not vary significantly with flow. 
(J Am Coil Cardiol1989;13:348-53) 
substitution of Doppler-derived peak velocity may improve 
the correlation with orifice area at small decreases in pres- 
sure. The empiric correction constant 0.7 derived for native 
mitral stenosis in the original work of Gorlin and Gorlin (8) 
cannot be assumed to apply to bioprostheses. There is no 
systematic study attempting to derive a constant suitable for 
bioprostheses. Furthermore, preliminary in vitro work (9, IO) 
suggests that the Gorlin constant varies and is itself related 
to the square root of the mean decrease in pressure. 
The nims ofrhis study were 1) to observe the effect of flow 
changes on orifice behavior in porcine mitral bioprostheses; 
2) to derive and validate a modification of the Gorlin formula 
for use with ultrasound; 3) to validate the invasively derived 
Gorlin formula by comparison with directly observed orifice 
area; and 4) to test the effect of flow on the empiric Gorlin 
constant. 
Methods 
Valves. Six Carpentier-Edwards porcine mitral biopros- 
theses were studied. There were three unimplanted valves 
(model 6650, sizes 29 and 31 mm; model 6625, size 29 mm) 
and three explanted valves (all model 6625, size 29 mm). No 
explanted prosthesis had a history of dysfunction during 
implantation or macroscopic evidence of tears or calcifica- 
tion. They were all stored in 4% formyl saline solution for 6 
months and therefore had stiffened cusps. They were not 
intended as an exact model of native stenosis. 
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Figure 1. Schematic diagram of the Sheffield pulse du- 
plicator. A = aorta; A/D = analog to digital converter; 
At = atrium; AV = aortic valve; D/A = digital to analog 
converter; FCV = flow control valve; MV = mitral 
valve; PC = position control; S = flow straighteners; 
V = ventricle; Vp = ventricular pressure transducer. 
Apparatus. We used a computer-controlled positive dis- 
placement pulse duplicator (Fig. 1). The atrium was a cuboid 
Plexiglas fluid-filled reservoir, open to atmosphere and con- 
taining a cylindrical Plexiglas ventricle closed at one end by 
the piston of the drive unit and at the other by a Starr- 
Edwards aortic valve. A series of 80 mm polypropylene flow 
straighteners removed any large scale eddies arising in the 
ventricular chamber. The model of the systemic circulation 
incorporated compliance provided by an air chamber con- 
taining a volume of trapped air and resistance provided by 
small bore nylon tubes. The mitral prosthesis was mounted 
between scalloped discs within the housing at the side of the 
ventricular chamber. A miniature strain gauge pressure 
transducer (type 3EA; Gaeltec, Dunvegan, Skye) was lo- 
cated in the ventricular wall 18 cm downsteam of the mitral 
valve. Zero was set during the rest state with the mitral valve 
port open. Atria1 pressure was shown to remain constant 
throughout the pulse duplicator cycle with use of a second 
transducer so that, for convenience, changes in transmitral 
pressure were then recorded with the single ventricular 
transducer. 
The system was filled with IO liters of tap water seeded 
with 5 ml Sephadex. Twenty stroke volume/rate combina- 
tions were used with stroke volumes of 40,60,80, 100 ml and 
rates of 50, 70. 80,90, 100, 110, 140 cycleslmin. The diastolic 
time interval was automatically adjusted for rate, giving 
diastolic flows of 3.1 to 16.9 liters/min that were equivalent 
to a cardiac output range of 2.0 to 9.0 liters/min. We chose a 
drive waveform (Fig. 2) that gave Doppler ultrasound enve- 
lopes similar to those obtained in vivo. 
Doppler recordings. Continuous wave Doppler ultra- 
sound recordings were made with the use of a Vingmed SD 
50 system with a standard Pedoff 1.9 MHz transducer. The 
transducer was positioned in the equivalent of the in vivo 
apical approach, lined up visually with the center of the 
valve, then adjusted until the optimal Doppler signal was 
obtained. It was then clamped securely and not moved for 
the duration of the experiments. Ten cycles were recorded 
with a paper copier at each stroke volume/rate combination. 
Cusp opening was recorded with a high speed video 
Figure 2. Drive waveforms. Bold line = stroke volume of 60 ml at 
50 cycles/mitt; dotted line = stroke volume of 80 ml at 70 cyclesimin; 
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camera focused on the atrial surface of the prosthesis with 
use of a black background and strong foreground lighting to 
maximize contrast. At each stroke volume/rate combination, 
at least 10 s of film were recorded from which frame dumps 
were made at maximal orifice area over four cycles. Orifice 
area was measured by the method of counting squares on 
graph paper and using the largest area obtained as measured 
orifice area. Peak transmitral velocity (Vmax) was obtained 
from the best-fit line through the top of the dense spectral 
display over four cycles. This procedure had an estimated 
error of 3% of the measured value. Peak and mean pressure 
decrease were recorded from the output of the pressure 
transducer. 
Theoretic considerations. The modified Gorlin formula 
for native mitral valves is 
EOA = Q/c x 51.6 x mAPI’, [II 
where EOA is effective orifice area in cm*, Q is root mean 
square flow in milliliters per second, mAP is mean transval- 
vular pressure decrease in millimeters of mercury and c is an 
empiric correction constant. If one assumes V max’ (Y mAP 
(which we have validated for this system [r = 0.91, y = 2.0x 
- 0.52; 95% limits for the intercept kO.58 and for the slope 
r0.21; p < O.OOOOl]) then equation [l] reduces to 
EOA a Q/V max. [21 
In the clinical situation, it is more difficult to measure 
diastolic flow than cardiac output (CO) so comparison with a 
further modification of the formula was also tested: 
EOA (Y CO/V max. [31 
The empiric Gorlin constant, equivalent to c x 51.6 in 
equation 1, was calculated from the expression: 
K = Q/(OA x V max), [41 
where OA is measured orifice area in cm*. 
Mean flow rather thari root mean square Jrow was used 
and was calculated from the formula 
Mean flow = SV x 6O/DTI, Ul 
where mean flow is measured in liters per minute, SV is 
stroke volume in milliliters and DTI is diastolic time interval 
in milliseconds. 
Data analysis and statistics. The following comparisons 
were made: orifice area versus mean flow, orifice area versus 
QNmax, orifice area versus CONmax, Gorlin K versus 
Vmax. To compare the results of this study with those of 
Cannon et al. (lo), orifice area was also compared with Q/ 
(root mean pressure decrease) and with Q/mean pressure 
decrease. 
Orifice area was compared between valves with paired t 
tests with use of the full set of 20 data points for each valve. 
Regression equations and correlation coefficients were cal- 
culated with use of commercially available computer soft- 
ware (Amstatl). 
Results 
Orifice area in response to changes in flow. Orifice area 
was directly related to flow in all valves, but there were 
significant differences among individual valves. The size 31 
mm supraannular valve had a greater orifice area than did the 
size 29 mm supraannular valve ( p < O.OOOOl), the size 29 
mm supraannular valve was superior to the standard of the 
same size (p < 0.001) and all unimplanted valves were 
superior to all explants ( p < 0.00001). The explants were 
stenotic with orifice areas of 1.2 cm* at maximal flow 
(explants 1 and 2) and 1.4 cm2 (explant 3). At transmitral 
flows of 9 to 10 liters/min, either orifice area attained its 
maximal value or its rate of increase diminished. 
Cusp behavior. Cusp opening action was complex, asym- 
metric and varied among valves with changes in flow. One 
cusp consistently opened first and one opened last or did not 
open at all. The least mobile cusp in all valves opened with 
a slight twisting motion that was most marked in the ex- 
plants. One cusp in the model 6650 size 31 mm valve never 
opened as much as the other two cusps. In the other 
unimplanted valves, all three cusps opened at all flows 
although to varying degrees and with varying timing. The 
orifices in the standard valves were approximately trefoil- 
shaped at low flows and hexagonal at high flows, whereas the 
orifices in the supraannular valves were irregular at low 
flows and almost circular at high flows (Fig. 3). 
The explanted prostheses opened more sldwly and had 
irregular orifice shapes with pronounced leaflet deforma- 
tion. Some cusps opened smoothly, others twisted as they 
opened or opened suddenly with a jackknife action. At the 
smaller orifice size, “hinging” of the least mobile cusp 
occurred at a level progressively closer to the base of the 
cusp on successive cycles until the cusp opened suddenly to 
its full extent for one or more cycles in association with an 
immediate decrease in peak transmitral velocity on the 
Doppler recording (Fig. 4). Twisting of one cusp was asso- 
ciated with flutter of the opposite cusp, suggesting the 
production of an eccentric jet of fluid. 
The Gorlin formula. Measured maximal orifice area was 
closely correlated with Q/Vmax in all valves (r = 0.88, y = 
0.18x - 0.15, 95% limits of intercept 20.12 and of slope 
20.02; p < 0.00001) (Fig. 5). The relation was similar if the 
unimplanted prostheses alone were compared (r = 0.92, y = 
0.20x - 0.18, 95% limits for intercept 20.16 and for slope 
kO.02; p < 0.00001). Thus a new orifice area formula derived 
from our data is: 
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Figure 3. Maximal valve orifice at various flows in four Carpentier- 
Edwards prostheses. All three unimplanted prostheses are illus- 
trated, although orifice shape for only one explanted prosthesis is 
shown because this was similar for all three explanted valves. 
OA = 0.18 x Q/V max - 0.15. 
where orifice area (OA) is measured in square centimeters, 
mean transmitral flow (Q) in liters per minute and peak 
Figure 4. Doppler ultrasound record- 
ing in explant 2. On observation, the 
first two waveforms coincided with the 
maximal orifice area at this flow (stroke 
volume 80 ml at 90 cycles/min) and the 
third with a sudden change to a smaller 
orifice area caused by partial closure of 
the least mobile cusp. Similar record- 
ings were obtained in explant I at a 
stroke volume of 80 ml and a rate of 90 
cyclesimin and at a stroke volume of 
100 ml and a rate of 80 cycles/min. 
2r 
4 a 12 
Q/Vmax 
Figure 5. The Gorlin relation modified for use with Doppler ultra- 
sound. Measured orifice area (cm’) is plotted against mean flow/ 
Vmax. Mean flow is measured in liters per minute and Vmax in 
meters per second. Values for all six prostheses are included. A 
number of the individual data points are similar and have been 
superimposed. 
transmitral velocity (Vmax) in meters per s. When orifice 
area was compared with the expression CONmax (Equation 
31, there was still a good correlation but with greater scatter 
(r = 0.80, y = 0.30x - 0.05, 95% limits for intercept kO.16 
and slope 20.04; p < 0.00001). 
The Gor/-lin constunt, derived from Equation 4, did not 
vary significantly with flow and there was a poor correlation 
between the constant and V max (r = -0.19. y = 8.3 - 
0.98x, 95% limits for intercept ‘- I .42 and slope 20.93; p = 
0.04) (Fig. 6). The outlying results almost all occurred at a 
cycle rate of 50 cycles/min in explant 2. One result occurred 
at a rate of 50 cycles/min in explant 3 and one at a rate of 70 
cycles/min in explant 2. Explant 2 was the most stenotic 
prosthesis and the orifice areas associated with these points 
included the lowest in the series, 0.1 to 0.3 cm’. Both 
pressure decrease and orifice area calculations were inher- 
ently inaccurate in this range. 
There NYU a good correlrrtion hetuven mecrsured orifw 
mm rend tlw con~~entional, in\wsi\~ely derived Gorlin relo- 
tiou. Q/root mean pressure drop (r = 0.85, y = 0.13 t 
0.182x. 95% limits of the intercept ~0. I I and of the slope 
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Figure 6. The empiric Gorlin constant plotted against peak tran- 
smitral velocity. Values for all six prostheses are included. A 
number of the 120 individual values are similar and are therefore 
superimposed. 
50.02; p < 0.00001). In our experiments, this correlation 
was worsened by the correction suggested by Cannon et al. 
(10) (r = 0.51, y = 0.77 t 0.10x; 95% limits of the intercept 
+O.ll and of the slope 20.03, p < 0.00001). Allowing for 
transformation of the units for flow from liters per minute to 
milliliters per second in the conventional Gorlin relation, the 
empirical Gorlin equation derived from the 120 data points in 
this experiment is: OA = Q/92-. Thus, the empiric 
correction constant for our data is 1.8 (calculated from 921 
51.6). 
Discussion 
Cusp behavior. There have been few systematic studies 
of the opening characteristics of bioprostheses. Like Reul et 
al. (1 l), we found pronounced leaflet deformation leading to 
irregularity of the orifice in all valves. This result was more 
pronounced in the explanted prostheses and more obvious in 
the unimplanted standard compared with the supraannular 
models. In all valves the smallest cusp consistently opened 
late or, in some valves at low levels of flow, failed to open at 
all. Care was taken to mount the valve without distorting the 
mounting ring and the cusps were not handled. Maximal area 
determined by planimetry in our prostheses was 2.00 cm*. 
Walker et al. (4) photographed two standard size 29 mm 
prostheses, one of which had an orifice area of about I .8 cm* 
and the other an area of2.2 cm*. These results are similar to 
ours although Gabbay et al. (12) found a planimetrically 
determined area in a size 29 mm standard prosthesis of 2.58 
cm*. 
Orifice area was directly related to jlow, and maximal 
area in all prostheses was attained above a mean flow level of 
approximately 10 literslmin although there was individual 
variation. This result agrees closely with previous work 
(4,11,13). 
The Gorlin relation. The modified Gorlin relation corre- 
lated well with measured orifice area. There were slight 
inconsistencies in one explant for orifice areas CO.5 cm*, 
possibly because mechanical energy losses involved in open- 
ing the stiffened cusps were proportionately greater (2). The 
correlation was better for the equation modified for ultra- 
sound use than for the conventional form particularly at 
small decreases in pressure. Substitution of peak transaortic 
velocity in native aortic stenosis and of mean transmitral 
velocity in mitral prostheses for root mean pressure decrease 
has already been shown to correlate with the invasively 
derived formula (6,14), and Requarth et al. (15) have shown 
a good correlation between orifice area and flowNmax in 
vitro for fixed orifices bO.3 cm*. In the present study, the 
substitution of peak transmitral velocity has been validated 
for the first time by comparison with orifice area in biopros- 
theses. A further advantage of ultrasound over catheteriza- 
tion for in vivo use is that flow can be recorded directly 
across the valve without the possible problems arising from 
regional ventricular pressure differences (16) or the use of 
pulmonary capillary wedge pressure (1). Orifice area estima- 
tion will still be limited by inaccuracies in the measurement 
of cardiac output (1,2). 
Our empiric derivation of the Gorlin equation suggests 
that the use of a correction constant of 5 1 for bioprostheses 
will lead to overestimation of orifice area. This conclusion is 
borne out by the larger areas reported in invasive in vivo 
studies compared with those obtained by direct planimetry 
in our experiment. Pelletier et al. (17) found an area of 2.33 
cm* at rest increasing to 2.8 cm* on exercise in size 27 to 29 
Carpentier-Edwards prostheses and 2.68 cm2 increasing to 
3.14 cm* in size 31 to 33 prostheses. Chaitman et al. (18), 
using a constant of 0.8, found a range in calculated orifice 
area of 1.56 to 3.67 cm* in size 29 valves and of 2.23 to 3.81 
cm* in size 31 valves. 
The Gorlin constant. The derived Gorlin constant was 
found not to vary with flow although there were outlying 
results at some orifice areas ~0.5 cm*. Furthermore, the 
Gorlin formula as corrected by Cannon et al. (10) gave a 
poorer correlation with measured orifice area than did the 
conventional formula. It is possible that these important 
differences can be explained by differences in the hydrody- 
namic setting of the pulse duplicators or by the substantially 
higher transvalvular pressure decrease in the Cannon exper- 
iment. Although a range of fixed orifices from 0.6 to 2.5 cm* 
was thought to have been provided by a snare diaphragm in 
the experiments of Cannon et al., this was placed 0.5 cm 
downstream from a size 27 mm bioprosthesis. The authors 
had already demonstrated that a size 25 mm bioprosthesis 
had an orifice area of about 1.3 cm* at all flows from 0.5 to 
9.0 liters/min. The proximity of these two orifices is likely to 
have created a complex flow disturbance, but the effective 
resistance of a number of resistances in series is given by the 
largest individual resistance. The model is therefore ex- 
pected to have effectively tested only orifice areas of 0.6 to 
1.3 cm*. The in vivo calculated data were compared with 
historical control values obtained by planimetry, although 
this procedure is unreliable in view of the variability in the 
orifice areas of bioprostheses (about 20% in one study) (4). 
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Our results suggest that the conventional Gorlin formula 
based on root mean pressure decrease or peak inflow veloc- 
ity is accurate for mean pressure decreases up to 13.5 or 
peak decreases up to 25.5 mm Hg. 
Limitations of the study. In our pulsatile flow simulator, 
the servodrive system controls piston position, which in turn 
controls the volume of fluid displaced. The volume flow rate 
is therefore constrained so that, whatever the behavior of the 
valve, the volume/time curve will be maintained. We expect 
these constraints to be valid when testing hydrodynamic 
formulas although the behavior of the real heart is more 
complex. The geometry and interrelation of the chambers in 
the pulse duplicator are also different from those of the real 
heart although quasiphysiologic ventricular compliance is 
modeled by the filling curve. The difference in viscosity 
between water and blood is not expected to affect the clinical 
application of our results (19). A correction for ditferences in 
mass density between water at room temperature and blood 
would, however, have to be made before the results of thij 
study could be applied in the clinical situation. 
Conclusions. Orifice area in this study was directly re- 
lated to flow and reached maximum above mean transmitral 
flows of 10 liters/min. The conventional Gorlin relation 
correlated well with measured orifice area with a derived 
correction constant of 1.8 that did not change significantly 
with flow. A modification of the Gorlin formula suitable for 
use with Doppler ultrasound (EOA =z 0.18 x Q/Vmax - 
0.15) correlated well with measured orifice area at a wide 
range of fiows CQ) in both unimplanted and stenotic Carpen- 
tier-Edwards prostheses. 
___ _ __. ..__-__.__-._ .------.- 
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